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I
ABST RACT

I This report concerns the desi gn of a seismic event detection

associat ion processor.  This  processor consists  of al gorithms which auto-

E maticall y convert seismic signal  detections from a network of stations stor-

- ed cent rall y as a list of station detect ion bul le t ins  int o a corresponding event

l is t , whi le  discarding spurious detect ions , or fa l se  a la rms.  These al gori-

thm s process sing le site short-per iod detect ions as well as a r r a y  detections.

I-
An automatic dept h est imate is also performed.  Testin g via simulation in-

• dicate s that the re sulting event l is t  is accurate enoug h so that relevant wave-

Ia 
form data may be retr ieved automatically. It is  recommended that the de-

• tection association processor be fu r the r  evaluated on both simulated and

real networks.

a

1~ Nei ther the Advanced Research Projec t s  A gency nor the Ai r  Force

I Technical Applications Center will be responsible for information contained
he rein which has been supplied b y other organizations or contractors , and
thi s document is subject to later revision as may be neces sary. The views
and conclu sions presented are those of the authors and should not be inter-
preted as necessaril y representing the official policies , ei ther expressed or

- 
implied , of the Advanced Research Projects Agency ,  the Air  Force Technical

I Applica tions Center , or the US Government.
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I N ’F R O I ) t  C 1 l ~. ’N

I I he ( I t ’ t t ’ ~ l i o n , i s s t t i a t i ( ) f l  p r o t  t - S s o r ~ 1) A1 ’ . i s  t h e  h.t~~it  t ’ s t I -

f l i t i t t i l  . t iu l  & I t I t  t~o! s V .~ t e u i i  t o t ’  d l)  a u t o m a t i c  s e u s r i t u . . i I c t \ ¼ - o r k . i h i ’  1 ):\ P

I \ ~ r t s  a st  rt ’. t u i )  ot  . L t i t o I i h t t l i  s t a t i o n  ( I t ’t t ’ t  t I ( I I I  I) kIIIt ’t i n s  i n t o  i l l  t v e n t  l i s t  w i t h

I ( .. u r .u~~v to  r et  r i ( v ( •  r t ’ l e v . i n t  w . I v t ’ f o r m l l  da t a . ‘l ’he l ) :\ 1l ~~.u n  op e r u l t ’

on a n  •t r r a y  n t ’ t w o r L , a s i n i~le s i te  network , or  a u n i x u d nt ’t~~o r k . 1 I i i ~~ i’ t’-

I 
po rt is  p r i u t h i  r i l y ot i cerned  w i t h  t h e  d u c t u n t ’n t a t l o n  ( I I  111051’ t 1 i ~o r I t h i i s cool-

p r i s i n g  th e  l)A 1’.

I The r epor t  consis ts  of f ive  st’~ t ions .  Se~~t i .~~ 11 t t t ’ t  t o e s  I i )

gr e a te r d e t a i l  the  role  of the DA P in an a u t o m a t ic  S e i s n i  i~ n e t w o r k . St’~~tj o n

3 III ( I I S L ’ U S  se s t h e  1)~\ P up e ra t ion  f o r  an a r i’a y ,  s in g le s i t e , and ,*  tn i x e ’d  n e t  -

work .  In Se ct ion  IV the  p- ’ r f or o~~un c e  of the DA P upon b a r  ~l av s  o t  SII1 k l l dt t ’ ( l

n- ’two rk  data is ana l yzed .  In Section V c o n c l u s i o n s  . ur e  d r a w n  s n t l  r e .  om -

nt ’nd a tj on ’  in le r e l e v a n t  to i n s t a l l i ng  thc DA P as an ~~Ut ~~~’i i . t ’ ~it  f l et w  rk

t ’ 1t’~~’it ’iit .

I
I
I
I

I I 1- 1
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SECTION 11

R E Q U I R E M E N T S  FOR A DETECTION ASSOCIATOR

The de tec t ion  a s soc ia t ion  p r o c e s s o r  ca r r i e s  iut  t he  func t i on

of t r a n s f o r m i n g  si gnal  detect ions  ob ta in ed  independent l y b y a n e t w o r k  of S( ’iS-

inic s ta t ions  to seismic event  detections. The loca t ion , (I epth , and o r ig i n
St .

t i m e  of the  e s t i m n ~ ted s e i s m i c  event  focus a rc  then used to  edit  w a v e f o r m

se g :n t - f l t s  assoc ia ted with  the events  b y es t im i t i n g  a r r i v a l  t imes  of the  scis-

roic phases , p a r t i c u l a r l y the P-ph a s e .

I The requi rement  for  in fo rmat ion  supp lied b y the  d e t e c t i o n

bul le t ins  f r o m  sing le senso r  seismic stations is the se ismic  s ta t ion  iden t i f i ca -

tion . a de tection rank ing  pa ramete r  to rank bu l le t in s in the o r d e r  of probabi l -

i t y  of de tec t ion , the  a r r i v a l  t ime of the  si gnal , and an e s t i m a t i o n  of t h e  a r r i v a l

t i m e  e r r o r .

Detection ranking pa ramete r  depends on a s tat ion ’ s noise  sta-
a- t i s t ics.  For examp le , if a detector sequent ial l y measu re s  mb, then the bul-
rn Ict ins  may be ranked  b y mb

; another  possibi l i ty is  the si g n a l - t o - n o i s e  ra t io ,

S /N , of the detect ions;  and another would be the 7 - s t a t i s t i c . The l a t t e r  nor-

m a l i z e s  a de tec tor  output , such as powe r in decibels , b y sub t r a c t i n g  a run-
* ‘ ning es t imate  of the mean noise level.  That d i f f e ren c e  is then  divided b y a

r u n n i ng  est i m a t e  of the s tandard  deviation of the noise level . The purpose

of 7 is to n o r m a l i z e  t ime-va ry ing noise levels  and noise  standa rd devia t ions

• to an approximate l y f ixed unit  normal  s ta t i s t i ca l  d i s t r i bu t i on .  L a r g e r  posi-

t ive  devia t ion s of 7 , t h e  p res u m e d  uni t  n o r m a l  s ta t i s t i c , a re  rela ted to low-

er  p robab i l i ty  of a f a l se  a l a r m  detection . The probabi l i ty  of the f a l se  a l a r m

can be d e t e r m i n ed  f r o m  n o r m a l  s ta t i s t ic  tab les .  In t h i s  repo rt , Z-s ta t i s t ic

I es t ima tes  were  used as t h e  de t ec t ion  r a n k i n g  p ar a m e t e r .

11-I
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For a r r a y  se i smic  s ta t ions , add i t iona l  i n f o r m a t i o n  must  be ‘

p ro v i d e d .  This  is d i rec t i o n  and v e l o c i ty  ~ f the ’  si gna l  as i n d i c a t e d  b y the

m a x i m u m  b eam output , and the  c u r  re ’s ponding  es t i m a t e’  s of the  s t a n d a r d  de —

v i a t ion  of t h o s e ’  q u t a n t i t  i t - S .

The ’  de ’t e t ion h u l l  e’t in l i s t  , w h i c h  i s  c ont m u o n  si y up da te d  i n r e a l  —

f lm e’ , u s  inpu t data to the ’ DA P. F rom compa r i sons  of a r r i va l  t i m e  and  othe r

i n f o r m a t i o n  obta ined  f r o m  de tec t ion  b u l l e t i n s , p r e l i m i na  rv even t  l o c a t i o n  and

de pth es t i m a t e s  a r e  g e n e r a t e d  in r e a l - t i m e’ . In r e p o r t i n g  such  l o c a t i o n s , a

t i m e  lag is r equ i r ed  fo r  p r o p a g a t i n g  the ’ even t  a round  the  w o r l d  and fo r  DAP

p ro ces s i n g .  The t i me  l a g  is es t i m a t e d  to be between h o u r  and  1 h o u r .  A

t i m e  requi rement  f o r  e v e n t  loca t ions  w i th in  one or two  h o u r s  of r e a l — t i m e ’  is

considered r easonab le  f o r  a DA P.

The purpose of the  DAP is to support t hose  se i sm i c  ana l y s t s

responsible  fo r  co l lec t ing  and p rocess ing  segmented  event  r e c o r d s  a s s o c i a t e d

with se ismic  events . Once the anal y s t  ob t ain s  r e c o r d s  of even t  s i gna l s , the

anal ys t  then me a s u r e s  a c c u r a t e  a r r i v a l  t imes  of se lec ted  da ta  and o t h e r  pa ram-

etc ’rs  to a c c u r a t e l y dete rmine  the event  focus , m a gn i t u d e , and o t h e r  even t

source  p a r a m e t e r s .  Thus it is seen tha t  the  D A P  is a tool  wh ich  suppor t s

rap id data c o l l e c t i o n  by se i smic  a n a l ys t s .  The a s s o c i a t i o n  f u n c t i o n  of the D A P

is to au tomat ica l ly a ssoc ia te  c rude a r r i v a l  t i m e  m e a s u r e m e n t s  and o t h e r  incas-

u rem e n ts  of an au toma t i c  d e t e c t o r  wi th  a l l  events  de tec ted  b y at l eas t  fou r sta-

t ions .  Given one- to-one associa t ion of f o u r  or more  a r r i v a l  t i m e s  with an

event , a l i s t  of approx imate  event l o c a t i o n s  can be genera ted  by the DA P.

The sole operational funct ion of th i s  p r e l i m i n a r y  se ismic  event  l i s t  is to e i t he r

au tomat i ca l l y or in te rac t ive l y r e t r iev e  se i s m i c  event  edit  r e c o r d s  for  use b y

the seismic anal yst who routinel y p e r f o r m s  m u c h  m o r e  m e a n i n gful  eva lua t ion

and measurement  of the poss ible  event .  The’ p r e l i m i n a r y  event  loca t ion  need

onl y be a c c u r a t e  enoug h to enable  the ana l ys t  to request  r ecord s of some

specified l e n g t h  assumed to be c o n s id e r a b l y g re a t e r  t h a n  I ~ seconds  as a

L
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r e ’ f ) r’ e - s e ’ z l t a t l o i .  ~t cIe - sj  r e d  t - h  r - t — J ) e  r t ~~~j S t I S I I I I C  ph a s e - s . Fu r t h i s  d e l i  re-

t r t ~-~~ l pll r ’ p s s e ’ , i .~ e t o n s  l) e ~ d u n i x  h i ’ o c c i  r a t e ’  to  . i i ) O t I t  s~ it  t e i e s e ’ l s x ’nR

d i s t 5 e n  e 01( 1 1
0 

c t  r e ’ g i e n u l  ( l i s t en  e ,

— ‘I ’h e ’ l ) .\ I’ is  de si g n e d  (~ I f l e -  l’ c~e ’ (k ’tU ~ t ie , i’i b u l l e t i n s g e - n c  r a t e d  h~
ifi t \ ¼ r L  oii t h e ’  om ( l e ’ r I a r r , e ~ - or  s i n c i t - - s en s o r  St a t i o n s . ‘t he ’

p r o c e s s  m u s t  k e e p  ~~~ ~~i t h i n  r ep o r t i n g  t u n I c ’  rt ’ q u i r e ’ i u e n t s , ~~i t h  a h i g h l ~ \ t I ’ i —

L I 5  r i t e  i f  l~ -h  e t i o f l  b u i l l e ’ t i n  c e ’n c  r a t i o n  hv  th e  n e - t \ ~~~r~~. Th u s  i s  de~e ’ t - v c nt

~~~ S~~ , I i n i ~~, t . e l s c . - . u l ar n s due  to  l e R a l  ev e ’ f lt s  or  n o i s e - , and  f a l s e  - t l . e r i i i s  due  t o

the ’  oda and  l a t e r  ph a s e s  a s s o ci a t e d  w i t h  l a r g e ’  r e v e n t s .  It is e ’ s t i i i i , e t e  ( I t h a t

to r a .~ ‘~ sl it  fi m n e t w o r k , i ma x i m u m n  of a bou t .~Ot) O i n t l  let  ins pc m c i t y  w i t  Ii at

I e ’a st 1 0 w o r d s  per  b u l let i n  need to  be p roce ssed . To h a n d l e ’  t h i s v o l u m e’  of

i n f o r m a t i o n, it i s expec ted  tha t  mo s t  of t h e  1)A P o p e r a t i o n s n e e d  to  be p e r —

fo rmed in en au t om a t i c  mode . possibl y wi th  q u a l i t y  c h e c k i ng  and s t a t i o n  and
— — ne ’t wo rk pv r f o  rm an ce ’  m o n i t o r i n g  done bit e r a c t i v e lv  by en a n a ly s t .  In t h i s  r e —
a 

po rt , d e s i g n s of a u t o m a t e d  DA P s  a re eva lua t e d u s in g  s i mu l a t e d  d e t et  t i o n

hu l  le ’t ins  ~ e ’ne ’ r a t e d  b y an e a r t h  seismic ity model  a n d  a ne ’tw o rk of s i mu l . et c ’d

s t a t i o n  d e tec t i o n  p r oc e s s o r s  given  b y Shoup and Sax (I  1174) ,

A n o t h e r  r e q u i r e m e n t  of the  DA P is  to  o b t a i n  a l g o r i t h m s  w h i c h

c e o  p er f o r m  the  a ss oc i a t ion  of s i g n a l  detect ion s to e ven t  l o c a t i o n s  f o r  a n e t  —

w or k  of s i ng l e  s ( ’n s t u r  s t a t ion s , a n e t w o r k  of a r r a y  s t a ti ons , or  a m i x e d  ne~t —

W o r k  ot ’ be ) th type ’ s of s t a t i o n s .

•
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‘ I A ’F c L ) l ’ t  M C I ) t l  I .1’ 5

‘l ’he ’ i ’ e ’  ~e r e ’  t h r e e ’  r u i a i u m ’  . 1 5 5 0 1  i . t t o t ’  i i c o d t i l e ’ s . ‘l io n-i c a r c ’  t h e ’

.‘\ r r a v  Ne ’t w o rk  i ’ ro c e ’ s s o m ’ , S i i u g i e ’ - S i t e ’  N e t w o r k  l ’ r e c e e ’ sseo’ , , e m i d  a M i ~~ ’d N et -

w or k  i ’ r e c e - e ’ s s c c i ’ . ‘F i i e ’  A r r a y  N e t w o r k  I m e n  c ’ ssu r  ope r a t e ’ s  ot i  d e ’ t c c t i n t i  i n i l I e ’ t  i r i s
4 *

I t’o m i u  . n it o n u . m t  i i  d e ’t e c t e r s  .e t  a m  i a  ~
- st at i o n s .  ‘T’he’ S i n g l e — S i t e ’  Ne ’tw es  rk P ro c e ’ss--

or upe’ r a t e ’ s o mu e l e t e e t i e n i  b u l l e t  t i l s  I r e s i n  . t t i t e i i i i , t t  U ’ c l e ’ I e ’ e t u i ’ s . i t  s i t e ’ ~ ~)r o \ c d I l u g

e u i i l  V .1 s i n g l e ’ ~‘e’ rt l e t l  c c s m u s p e s n e ’ n t  i u i e ’ a s u l  r e t u i e n t  u l  s e g u u a l  s. ‘F l u e ’  M i x e ’d N e ’t w o r k

- i ’ r u c e ’s s or  ope’ r a t e ’ s  on ( l e ’ t e c t  e e m s  f r o m  a n e t w o r k  ei f  1)0t h t y p e s  ol s t a t  m i s s .

‘l ’he ’ s u b — s v s t e ’mn f~i n e t i oii s p e ’ r I u m n u e ’ d  b y l i c e ’  n e t w e c t ’ i s  i r e ’  es  i n f lo w s :

— 
R e ’ , t l — ’ l ’ j i i i e ’  R u l l e t i n  Pr o c e ’s si n g

- 
— Add iie ’ \~ tai l let i n s  to  t h e  c ur t ’ e ’i~~ s t a c k  c i t  e h e t c ’ c I t o r i  hee l l e ’t  in s

c i i  ( l i e ’  d et e c t  ion  bui l  l ’t in  hu f f e ’  r

— M a i n t a i n  r a n k i n g  c i t  t h e ’ e l e ’ t vt ’t ion  l ) t i l l e ’t i n s  by  / — s t a t i s t  u

I _ - R e ’n u o v e ’  .ege ’d b u l l e ’t  imi s f r o n t  w o r k sp a c e ’  ‘ i l t  e ’i ’  .1 I i x e ’cl h um -

— i n ’i ’  ui ta m l u r e s  t o  a s s o c i a t e ’

— R e ’ i u s e s ~ - c ’  l ) L i l l e ’ t i f l S  t i ’ o t i i  ~v o r k s p . i e e ’  ~~l i i t  I i  . i  i’ e ’ i S S u e  i a t e ( I

twi t  ii p r e v o n i . s l v  l o ’~~te’d e ’ v e ’ m i t ~~.

• A s s’ IC at i e)fl 1 rue ’ c ’s s i n g

— - Set t sp e l m s , ’  o r  t i l e s  m e ’  i m e l  t u b  t ia  r v I n a  I I e s . ~~i t e e m s

• — 
— I’ ’ i i ud c i e t e ’ e t c c s n s  \~- I i l ~’ii I r e ’ e e ) i i 5 i & e t e ’ h i t  ~~ i t i i  t h e ’  l e ~ .e t  l o t u s

1” — i~ e ’ t c i u e ’  t h e  I r c , e I  b e a t  t e s t i s  an d  l’ e ’ 1) e ’~t t  t h e ’ , s s s o t r a t i e n u  t e ’ s t s

• 
— I t  e ’ i’ . i t  e ’  t h e ’ .% s soe  I I  t i  ( I i i  I e ~ 51 S U I I I  i i  a si ’’ i t t  e e l  1 1 1 1 1 1  i l u e ’  i’ of

— d e ’ t e e  I I o n s  .i r e ’  .i s s c c e - c , i t e c l  e ’ . g. ( Ou t e l e ’ t e ’ e I t e l i 1 S ~ .we l  .t

l e e e . i t a h l e ’  e ’~~e ’ u u t  i s el e ’ e ’ia  i’ e ’ c i .

I l l - I
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• Proces s in g

— P e ’ r f o r i u u  f i n a l  l o c a t i o n  of a de’e , ’Ia  red l o cat a b l e ’  e ’v e n t  w i t h

a r r i v a l  I in i e ’ s I t’u l i u  , i s se u  iat e ’( l  de ’t e ’c t t on  b u l l e t i n s

— Us e ’  dept h g r i d  and  dept h e ’onst  r a i n e ’ d  l o c a t i o n s  to  f i n d

best  est i i i ’i a t e  ol the ’  dept h .

Fi g u r e  I l l — I  i l l u s t r a t e s  the  f low of d e c i si o ns  and a c t i o n s  p e r —

fo rmed  b y th e ’ det e c t i o n  a s s o c i a t i o n  p ro c e s s o r .  The ’ i npu l t  S a re ’  d( ’te ’ct ion l)u l  —

le ’t ins  f r o m  se ’i smic  s t a t i o n s :  e i t he r  a r r a y s  s e r v i ce d  b y . e t u  a r r ay  m o d u l e  or

s i n g l e ’  — si te ’  s t a t i on s ser ~ ’ iced b y a s log 1 e’ — s i t e ’ I u i O ( l t i l e . ‘l ’hue ’ d e t e c t  ion a S sO( • sa —

t ion p r o c e s s o r  ope ra t e s  on a f u l l y 1 oade ’d h u f t e  r of t h e ’ t’ ~ o~~t r e c e n t  I y . sc q u i  r ’d

del e’ct ion bu l le t  ins  sent  b y sei sn u i c  s t a t  ion d e t e c t i o n  pr oe ’ e ’ s su r s. As space’

he ’conie ’ s a v a i l a b l e  in t he  b u l l e t i n  bu f f e t’ , t h e  d e t e c ti o n  b u l l e t i n  buff e ’ r is fed

new b u l l e t i n s  f rom a queue .  T h i s  space  b e c on ut ’  S ~~\ 5 l  i l a b l e ’  in  s e ve ’ r a I w ay s .

One’ w ay  is to f a i l  to assoc ia te  w i t h  d i f f e re n t  even t s  some’ spec’ i f i e d  n u m b e r  of

t imes , e. g. . three ’  t im e s .  T h i s  ag ing  p rocess  is  a c r i t i c a l  f a c t o r  in m a n a g i n g

the workspace  of the de t e c t i o n  bu l l e t i n  b u f f e r .  I f  t he  ag i n g  process  is  not care-

f u l l y  desi gned , b u l l e t  ins  w i l l  age ’ out because  the  w o r k sp a c e ’ is c logge ’d  w i t h  coda

detect  ion s f r o m  p r e ce d i n g  l a r g e r  even t s .  Th i s  is  d e f i n i t e l y a pre ib le ’nu w i t h  t he

DA P models  desc r ibed in t h i s  repor t  and t h i s  p r ob le ’nu  need s to be ’ a t t e n d e d  if

b e t t e r  r e s u l t s  a rc  to be o b t a i n e d . A n ot h e r  wa v fot ’  a de ’t i ’c t 1 cm b u l l e t i n  IC ) be ’

d i s c a r d e d  is to h av e ’ be ’e’n as s o c i a t e d  w i t h  a ii e’v ent  a i n  e’ad v I oc’a t e’d a mul re ’g is —

te ’ red on the ‘vent l i s t  gene ra ted  is art output of t he  s y s t e m .  Upon di sea rd ing

a bu l le t in  in one of these  ways , a new bu l l e t in  is fed in s e r i a l ly  f r o m  the ’ queue

and inse r ted  into th e  de tec t  ion hu h  I~’t in  b u f f e r .  The inse ’  rt ion is  r a n k  order ed

b y the nsa gnitude ’ of I he’ det e’ct or ’ output , so tha t  t lie’ most  prob abl i’  e’\’ e ’nt de ’ —

tect  ions a r e  fu r the r up t uwa rd t h e  top  ol’ the’ sta ~
‘ k. F i r s t , a l l  of the ’ a r ra v sic ’ —

t e c t i o n s  a re  tes ted for  a s s o ci a t  ion w i t h  t h e  p r e s um ed  lc sc , s t ion ol the  top ranked

de ’tect ion.  If the ’ a s s o c ia t i o n  t e s t s  a re ’ pa s ~e’d . the ’  l oc a t i o n  is  upda ted  by the ’

I<a lnua  mm l o c a t i o n  ~t I  go r i t h u n u .  (‘) t 1 u ’  rw is e ’ , a cenin  t e ’ r i s  i nc’r ~ e ’nu e ’nt  ed to re ’ g ist er

the number  of t i nu e ’s  the  de ’tt ’ct ion bu l l e t  in ía i le’d to .ts sue ’ ia t e .

I I I —  ,~,
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A f t e r  comple t i ng  the ’ a s soc ia t ion  tests  of all of the a r r ay  stations ,

tests are p er formed on the s i n g le - s i t e  de tec t ion  bu l l e t i n s .  Th i s  is done b y ce n-

t e r i n g  a gr id  of potent ia l  locat ion s on the  l o c a t i o n  es t ima te  obtained b y the pre-

ceding operat ions of the a r r a y  module. If there ’  are ’  no a r r a y  de tec t ion  bullet -

ins , then the location of the s ta t ion w i t h  the l a rges t  detector value  is taken as

an in i t ia l  location , about which  a gr id  of potent ia l  locat ions is centered.  See’

Fi gure  111-2. A ssocia t ion  is p e rf o r m e d  b y the s ing l e - s i t e  module b y search-

ing for the maximum number  of ori g in t imes cons i s t en t  wi th  a depth locat ion

at each grid point cor responding  to a t r i a l  locat ion.  The or i g in t ime ’ is said to

be cons is ten t  if the d i f f e r e n c e  between the ori g in t i m e  of a cand ida te  de tec t ion

b u l l e t i n  and tha t  of the top ranked ‘key ’ det ec t ion  b u l l e t i n  is less  than  the  e’x-

pected t iming  e r ro r  imp lied b y the  d i s t ance  between the  g r id  points  of pote ’ntia l

event locat ions.  To improve the p rec i s ion  of the locat ion search , the s i n g l e -

s i te  module associat ion tests are repeated , in toto , seve ra l  t imes .  At each

stage , the output location es t imate  is taken as a new i n i t i a l  loca t ion .  The gr id

s ize  is halved and the search is repeated to f ind  the max imum numbe ’ r of assoc-

iates  with  cons is ten t  o r ig in  t imes.  This is repeated u n t i l  a p r e s c r i b e d  precis-

ion is attained for the depth const ra ined location es t imate .  A f t e r  comp le t i ng

the sing l e - s i t e  assoc iation tests , a depth sea rch is perfo rm ed to f ind the’ focal

depth with m i n i m u m  var iance  e r ro r  in predicted stat ion a r r i v a l  t imes .  This

search is also performed success ive ly on a gr id  of depths.  The search is

ca r r i ed  out to the des i red level of p r e c i s i o n  b y succe s s ive  b i n a r y  pa r t i t ions  of

the gr id d i s t ance  between the preceding  best dept h est imate’ and ne i g h b o r i n g

gr id  points. F ina l l y,  all of the a r r i v a l  t imes of associated detect ion b u l l e t i n s

are used for a l inea r i zed  least squares  location est imate us ing  the method of

Gei ger (19 10), f u r the r  developed b y Bolt (1960) and F l inn  (1965) .

A m a t h e m a t i c al  desc r i ption of th e  t<aln~an Fi l ter  and Gei ge’r ’ s

method is  given in A ppendix  A.

111-4
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The rationale for using the Kalman Filter or collapsing grid
method to pe rform the DAP is to develop a general  systematic procedure for

selecting detections associated with an event out of a detect ion bul let in  l ist
consis t ing mostl y of false a larms from noise , coda of preceding events , and
later phases of preceding events.  The main d i f f i cu l ty  is to be able to assoc-
iate and locate smaller events shadowed b y much larger  events occur r ing  about
the same time. The Kalrnan Filter provides a mathematical  basis  for  obtaining

sequential  estimates of location and location errors .  These can be ueed as a

basis of assoc iation testing. The collapsing grid can be used to efficiently

weed out false alarms.  These inadvertently get into the associated set of de-

tections causing false event declearations and also causing the possible loss

of bulletins which othe rwise would have been correct ly associated. The al-

gorithms used to pe rform the previously described sub-system functions still

need to be improved to operate satisfactorily at high false alarm rates mostly
caused by event inte rfe rence.

I

111—6
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The ’ l)A I ‘~v a s  t e s ted  ~in fou r cia ~ s of s i m u l , i t c ’ d  r s e ’ t w e m r k  ( i , 1 t ,[ T h i s  t~ ’st used the n e t w o rk  s i m u l a to r , w~ ic h  l~as !‘,‘en re pnrt~’d upon i a  r l i ~ ’r

(SheRip and Sax , 1 1 7 4 1. The’ n e ’ tw o r k  s i n s e i l a t e ) r  i s  a inode ’l e e l  i’ ,i r t h  s e ’ s s m I (  i t v

a t t ac h e’d to  a n e t w o r k  of si n iu l  at e ’d au t  u n i at  i c  de ’te ’c t em r S. ‘l ’ts e ’ I i  r i m e ’  Pc ’ r i od in  -

cluded 100 s i m u l a t e d  e ’ve ’n t s .  The ’ a r r a y , s in g le ’  — S i t e ’ , and in i x e ’d i ss ode ’ s ~ e re ’

I. t e sted . Since ’ the ’ ne twork  s i n iu l a t or  a S S i l T n e ’ S  an  a r ra~ n e t wo r k  • t h e ’  s i n g l e  -

- 
— 

s i t e  s i m u l a t i o n  re ’qui red that the  a r ra v de’ t e’c t i on  b u l l e t  in s  he ’ r e ’due ed t e e  e ’q Ct i  —

valen t  s i ng l e - s i t e  de ’te ction hul le ’t in s .  Th i s  was  .u l i i e ’v e ’d b~’ h s , i v imm ~ t h e ’ l)A P

i g n o r e  the a r ra y de r ived  data , i . e .,  a’.’inn sth and c1i’ i d ~~ , f u r  I h e m s e ’  s I . s t i e ’ t t s

speci f ied as si n gl e - s i t e s .

- I - The s imula ted  de ’te ctors gen e ra t ed  fa l  se de t e ’c t  ion b u l l e t  i n s  at

a rate of l.~ per day.  Int er l i ’r ence ’  problems such as  l a r g e  t i m i n g  e ’r I ’u r s , and

- detect ion e’ r rors  caused by si gna l coda and la te ’r  phase ’s u e ’r . ’ , i l s o  s i m i s t i l a t c ’d .

The reason for u s i n g  a fa l s e ’  a l a rm  r a t e  f r o m  a m b i e n t  f leSi  se ’ ot

12 per day was that  Shoup and Sax (1974 ) in a p rev ious  re ’port on the ’  l ) A i ’  found

that t h i s  was an opt imum f a l s e  a l a r m  rate f o r  o p e r a t i n g  a u t o mat i c  d e ’t e ct or

Hi gher  fal  Se’ ala m i  ra tes  of detectors degraded p e r f o r m a n c e’  by t e n d i n g  te m sat —

U rate the ’ bu - l e t i n  b u f f e r .  Lower fat  se ala m m  r at ’s mad ’ it more  d i f f i c u l t  t o

J o b t a i n  t he  four  b itl  l e t i ns  r equ i  red to loca te  smal he r e v e n t s . O b v i o u s ly ,  a s the

f lAP al g o r i t h m s  a r e  improved , t h e n  op e ’ra t ion  at hi ig h e r  f a l s e  a l a r m  ra t ’s b e —

I comes fea s ib l e ’ . The’ i n t e r a c t  ion be tween  s t a t  ion  d t ’t e ’cto i ’  I hr e ’sho ld  s t r a te e~-

a si d 1)A P per lo r i l sa  l i e  e ’ s a ~. e’ rv  i i imp u  i ’t ant  t a  l e s t ’  i l l  t in’ 0 \ e~ r a I l  (tel ec ’ t ion pe’ r —

1 In rina nce of world  — w i d e  se sin ic net  we) r k s  ,t ri d ii e ’e’d s n i c )  l’ e ’ e J re ’ f i t  I i i  ~ e ’ si i~,sI —

iofl ,

I l \ - I

r
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Before examin ing  resul ts , it is useful to look at where things

can go wrong.  Numerous  bu l l e t i n s  o r i g i n a t i n g  f rom , but not correc t l y asso-

d ated wi th  a l a rge  event can prevent  ove ’rshadowed sn ialle ’ r events  f rom at-

t a i n i n g  top ranked status in the bu l le t in  b u f f er .  In the conf i g u r a t i o n  shown in

F i g u r e  111-I • events occurring simultaneousl y must be p rocess ’d s e r i a l l y.

Out of such mult ip le occurrence’ s , the s m a l ler  e ’ve ’nts can be ’ n iisse ’d ; e ven - ‘

with a v e r y  large number  of bu l l e t in s  r epo r t i ng .

For example , if seve ral events go off at about the ’ san te ’  t ime ,

the largest  event detections wil l  be at the top of the Z - r a n k e d  workspace ’  of the

bul le t in  buffer .  Afte r that event is associated and located , a l t  bul l e t i n s  wi th

small arrival time errors are pulled out of the workspace.  Possibl y a substan-

t ia l  number of later  phases and coda detections wil l  s t i l l  be’ le f t  in the ’  work-

space. Some of these will graduate to the top of the  workspace ’  and  at t ’mpt s

will be made to associate them with other detections in  the workspace ’ . Obvi-

ousl y since they are not P-waves of an event , they  are  u n l i k e ’ l y to associa te .

They tend to clog the bulletin buffer during which period of t ime , good P- wave

detection bulletins will be aged out. One way to avoid th i s  problem is to pro-

vide the capabil i ty of per forming association tests on many  ke’ y de ’te ct ions  in

parallel. If a detection ages out on t r y ing to associate  with a key  detect ion at

one level , it is pushed down a level and tries to associate with a key detection

at the next level. This could possibl y prevent  l a rge  f a l se  detect ions f rom clog-

ging the workspace. The DAP strateg ies considered in this  repo rt do not ade-

quately handle this problem and therefore , a substantial  number of small events

following larger events failed to be located; in fact , one event with 15 good de-

tections was missed possibl y for this  reason.

Decis ion e r ro r s  in associa t ion tes ts  can cause la rge  e r rors  in

event locations obtained b y successive use of the  Ka lm a n  F i l t e r .  The operation

of the Kalman Filter is a bootstrap operation . In association testing, since the

probabili ty of a coincidental overlapping of an event location by the confidence

IV-2
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I
r ee~i e m n  of ,e s m a l l  .r r r a y l ocat ion  e’ r ro r e l l i pse is e)n the  o r d e r  of 0. 01 , the re

I i s  ,e s m a l l  but yet  si i ~n i f i c , t n t  p rob a b i l i t y  fo r  a f a l se  a l a r m  to be a c c e p t e d  in to

,t se’t ei f  as soc i~~te’d de tec tions .  Sine -c ’ t h e  fa lse ’  a la  m i  is l i k e l y to have  a l a r g e

c r  r i v a l  t ime ’  e r r o r , any  subsequen t  l o c a t i o n  is more  l i k e l y to exceed the two

re’e requi  r en i en t  In r ho c  atiem a cc u r a c y  than  wou ld  othe rwise  be the case’.

Pr e s e n t l y,  the ’ re’ is no means of ext r a ct in g  thcse ’  e’ r r on e ’e us l  y a s so ci a t ed  beil —

l et i n s .  Th is  can  cause missed  associat ions and s u b s t a n t i a l  e r r o r s  in the  f i na l

loca tion. The sing le-s i te ’  associat ion method u s i nt ~ e x h a u s t i v e  sea r c h  can re-

cove r f rom such associa t ion  e r r o r s .  E r ron ’ousl y associated b u l l e t i n s  can be

e l imina ted  as the grid length is s u cc e s s i v e l y  h a l v e d . The s i n g le - s i te  associa-

tion test may occasional l y miss bul le t ins  b y ince mp lete cove rage of al l  of t he

space required to capture all possible’ event l oca t ions .  If n e c e s s a r y ,  this

could be prevented through overlapping the ‘vent coverage of sing l e - s i te as-

I - 
sociation tes t s , by inc r ea s i n g  the  th reshold  of the or i gin t ime c o n s i s ten c y  t e s t .

Tab le  IV- 1 shows the resu l t s  of l o c a t i ng  the ’ ev ’nt s .  The most

si gn i f i can t  i n fo rma t ion  is  g iven  b y the success  or fa i lu re ’  to locate ’ , g i v e n  t ha t

- 
fou r or  more ’ a c c u r a t e  detect ion bu l l e t i n s  reported.  The’ best r e s u l t s  w e re

g iven  b y th e s i n g l e - s i t e  a ssocia tor .  Successes are  de f ined  as loca t i on  e r r o r s

- 
less than  200 k i lomete r s  and or ig in  t ime e r r o r s  less  than  15 seconds fo r  those

events  ol which f o u r  or more stat ions detected the a r r i v a l  t i n ~ e of P - w a v e s .

- F a i l u r e s  a re  de f ined  as e r ro r s  exceed ing  those l imi t s or f a i l u r e s  to a s s o c i a t e

for  those event s of w h i c h  f o u r  or more s t a t i on s  detected t h e  a r r i v a l  t i m e  of

- 
P - w a v e  s i g n a l s .  Thus , w o r s e  r e s u l t s  were  obtained w i t h  an a r r a y ne twork

I.. de ’spit e  t h e  a v a i l a b i l i t y  of t he  add i t i ona l  a r r a y m e a s u r e m e n t  i n f o r m a t i o n  on

L
a r ray  de’t( ’ct ion h ,u l l e t i n s . T h i s  c lear l y i n d i ca t es s e r i o u s  p r o b l e m s  with th e

a ssen’ i at  ion tes t  ol t h e  a r r ay  module .  The impor tance  of not m i s s i n g  proper

L 
as soc I a t i o n s  is d e ’nmo ns t ra t c c i  b y the mixed  ne ’tw ork  r e s u l t s .  The a s s o c i a t i o n

• t e s t s  r e ’ j e c t  ion t h r e ’s ho l d  ~ e re set for  e r r o r  e l l i pses  gr e a t e r  t h a n  I a • .~ a,

- and ~(Y ( t he ’  s i n g l e -  s i t e ’  and a r r ay -  s i t e  n e t w o r k s  used ~a a s s o c i a t i o n  t e s t s ,

I



)

TABLE IV-!

DETECTION ASSOCIATION PROCESSOR RESULTS

Mixed Network

Single-Site Array la 2a 3a
Rejection Reject ion Rejection

Total No. 
128 100 100 102 102of Events

Successes 40 30 12 26 29

Failures 17 17 35 24 21

Interfered 
29 21 21 22 22

Events

Events De-
tected At 

42 32 32 30 30
Less Than
4 Stations 

___________ ___________ __________ __________ __________

Inte rfered events are failures of the automatic detecto r to properl y
t ime event s. Large timing e r ro r s  were caused by misidentification
of the P phase due to interference with other event phases. Most of
these large t iming e r r o r s  could easil y be prevented by improving
the log ic of the s imulated automatic detector  used for  this anal ysis.

IV -4
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I
I w b e ’ :’ t’ ~ I S  (le t t r i e d  as  t l ~ ’ m e a n  s tan d a r d  ( t e ’\ i , i t i e O i  c i t  t h e ’  e r r o r  i ’ l l  I p s e ’) .  N ote -

I 
t h i e ’  .t t e ’~~t r eep ln~ ci t’ e p  in th e’ S O C  C t ’ss r at  to  (or  t h e ’  .‘o .111 ( 1 lo F e ’ e ’ct ion t h i r e ’ s h i e l e l s.

‘l ’h i s  is  ( h t i e ’ t o  not d i sc - a r d t n e , ~ l a r g e ’t’ ( L e ’ t e ’ ct  i e e n s  • t s s c e c  r a t e ’el ~ i t h  len  . i t e ’d e~~ e ’ f l t s .

I ‘the ’ ~~~ e ’s s  r a t i o  (o r t in ’ i i m i ~~e’d tm e ~t~ c e r k  ~e , e s  l e ss t lhe u ~er r,i~- —

s i t e ’  i r c ’ t w e e r k  ari d t h ~ sttiel e’ — set e ’ rme ’t~e o r k . F l i t s  suc~~e ’ s t s  t h ~ p e e s s l l u h t t ~ t h a t

I t i l e ’ i i t t e ’ r t . t e  e he ’t~~, e ’ e ’~i t h e ’ a r r . r v  m o d u l e ’ an( 1 s l c ) ~~)~ s i t ’ - p i s i e h i l e  m. i~ s~~t l e e ’  p t ’o—

p t ’r l v  e e e i m t t t . z u r e ’ d .

I l’ , e b l e ’  l V — .~ shows  t h i . e t  t i m e ’ ( l e ’ t e ’ e t i t e t i  , t S s i e e  c a t i o n  p r o c  e ’ sS o!’s

l o c a t i o n  e r r o r s  .epp e ’ar t e e  be ’ e e e i m s r s t t ’ i i t  w i t h  cor r c ’ e I a s s e i c  i a t i e e t i  .me! b v j e e e c c ’ n —

t c ’r  l e e c a t  ion .  .- \ i i  i n t e ’r e ’ s ti n g  ohse ’ r v i - e t i o n  is  t h a t  t i m e ’ o r i g i n  t u ne’ ~‘r r o r  .ernl d ep t h

e’ r re )r  s t a n d a r d  dry  i at  i on ~e e ’ r~’ h al  ~‘e ’ d f o r  t h e ’ a r r ay  i ne ot o  h e ’ . 1 n e c k  r u g  h a c k  at

F igure ’  111 — 1 , note ’  t h a t  the ’ de ’pth g r id  se ’a r ch  n as  pe’ r f c e r i m m e ’d by ( l i e ’ a r t’,c V mod —

ole hut  not by  t h e  s i n g l e ’ — s i t e  I i iO ( lule ’ . i’he’ (le)tte ’(i h u e ’ i f l ( l t c , t t e ’S t h a t  t h e , clt ’pthi

se’a rch was not v e t  itmip l e’nie’uit e’d in t o tile’ s i n g l e -  s i t e ’ tiie ~ h iile ’. l ’b u s  i t  ap p ear s

that a de’pth grid s ear ch  f o r  r t u r n r r r r u r i t  . r r r s c - ,d t r r - ru ’  ~- r r o r s  c a n  )e’aej to ).r 1’ge’ re’ —

duction in depth  ~t t m d e e r tgifl tini e ’ ~‘sti immat ion e r r o r .  Sc nec  w ’  i m m i g h i t  es t hi e’ r~e ise ’

h~i~ e ’ no t se’e n t h u  s r~’ su I t  • i t  \e a P~
’ rhi .e ps le e rtunate ’ t im at t h e ’ (Ie’pt ii sea r ch  w a s

not put in t o  tin ’ s i n g l e ’  - site’ tiiod~ihe’ .

E F’ c go r e ’ I V —  I shnw~ t h e ’ r e s u l t s  obta ine ’d ( C )  i’ t i m . ’  e’ \ e ’ ii t $  a n a l  v

by tin’ s i n g le ’ — i t  e’ u m m o d u l  e. N est c ’ th e ’ large’ nt t t i ibe ’  r ut  f a i l  l i r e -s ~ it  Ii lou r or

E Tilt ) re 1)111 let i n s  at m a g n i t u d e s  t ro om 4. 3 to 4 . 1)~ Tb is  sugg e ’ st s • St r e n g l v • s e ’ i’ —

iou S p r e 4 ) l t ’u m m s  w i t h  re ’al — t i m e ’  processor  ser ~ i c r  r ig  the ’  bi t t  l e ’ t  in  t e n t  I c r .  S e u m i e ’

L pos sib le ’  stair  re - c’s e e l  t h e s e ’  p r o h i l e ’n m s  were ’  pr e ’v iou s l  v i l i i ’ f i t  ione’d . l~ v g o i n g

b ack  te e t he ’ hu t  l e ’ t  i n  l i s t  and ~h1 ’1 k i n g  t h c ’s e  f a i l u r e s .  n i c e s t  \ e c r c’ Im ind  to  h~’

L p re- c e’e ’de’d by  l a r g e ’ r e’~ e’ um t  s .  ‘l’he’ Se’ r i o u sn e’s s e t  t h i s  pt ’eebl cnn is  f u r t h i e ’  r

sh ie wn  by l a i i l e ’ I \  ~~. N el e ’ t h a t  e ’ v e ’ r m t s  w e ’F t ’ r m m i s s e ’ d  ~e i t h i  a s  u m i a n ~ a s  l~ ~ ,c l id

L de ’te ’~ I t e e n  b in l e ’t  i t i s .  - \ s s C n l m m i t l c ~ t h a t  the ’  4 acid ‘~ h m l l e ’t in ~.n se’s e e l  l , i  i i  i n g  t e a  l e e —

e’ t h e ’ t ’ v e nt  ire’ .15 •‘\pe’ e ted ; t h i e ) S e ’  e ’\  e ’t ~~t s  ~e i t hi t , t i l e d  I e e e  ,tt l e a n  e ’ st  i u i i . t t c ’s ,

L g ~ en o r  Inor e’ h u h  e l i  n s , •nppe ’a r t i e  l e e ’ a n e e r i m a l  e C i t S  ( ‘Ii t h e , i  t ha sis , i t  i s  e ’ s it  —

mated  t h a t  7~~ ’ ta t  t i l e ’  e r  rot’ s & t im Id l e e ’ c ’l c c i i i n , u t e c t  h e y  r m i t e e h i t v i n g  (lie ’ r e ’ a l — t i r m m e ’

L l\ ’ -

a
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TABLE IV-2

LOCATION E R R O R  ANA L YSIS

Mixed Network

Sing le-Site Ar ray  Ia 2a 3cj
Rejection Rejection Rejection

2 2
‘~ ‘~~~

(e 1~~ + e10~~) 1 5 2 . 06 214 .  7 224 . 01  139 .  32 1 3 9 . 06
2(km 

__________ __________ __________ __________ __________

Li T 1.08 -0. 54 0. 16 1 . 72  -0. 94

( sec )  
___________ ___________ __________ __________ __________

aT 6. 61 3. 03 20. 85 9. 61 4. 84

(sec)  
__________ __________ __________ __________ _______

13. 86 -4 .69 35. 96 1 2 . 5 5  -0. 87

(km ) 
___________ ___________ ___________ ___________ __________

60.73 36, 57 158.63 77. 37 46. 28

(km) 
___________ __________ ___________ ___________ __________

95%~Eri’o i’ 
21 . 35 25 .4  25. 9 20. 4 20. 4El 1 ~ pa e

(km) 
__________ __________ __________ __________ __________

+ e
2 ) = va riance of location e r r o r s  in k i lometersN lat ion

M T mean timing error

aT standard deviation or origin time

LLh mean depth erro r

standa rd deviation of depth error

IV-6
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TABLE IV-3

ANALYSIS OF LOCA TION FAILURES

N u n . L e r  of D C L C L L C d  Magni tude- s ot
P-Wave  Sigr’ !s M i s s e d  Events

4 4. 0 , 4 . 0, 4 . 2 , 4 . 3 , 4 . 4

5 4 .3

6 4 . 4 , 4 . 5

7 4.3, 4.5

8 4 . 3

‘ 9 4 . 7

10 4 . 4

11 4. 4

12 4. 5

13 4.9

14

15 4 . 3

IV -8
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R E C OM M E N DATIONS A N I )  ( ONC LIJSICNS

I Th( ’  d e ’t e ’c t i o n  a s s o c i a t i o n  p rocessor  de s cr  ih e ( l  in  t h i s  re ’por t

m d  icat( ’d a c a p a b i l i t y  of a s s o c i a t i n g  and l o c a t i n g  about  7O~ of tIme ’  e ’v e ’n t s  w i t h

[ fou r or more ’  s a t i s f a c t o r y  P — w a v e ’  d e t e c t i o n s .  T h i s  w a s  done ’ on a comp l e ’t e- I y

auto mated b a s i s .  It can ha ndl e ’ the ’ de tec t ion  a s so c i a t i o n  and l o c a t i o n  l u n c t i o n

for  s ing le sensor  networks , a r r a y  ne ’twork s , or mixed n e ’tworks  c o n t a i n i n g

1)0th type s of s t a t i o n s,  The-’ acc u r a c y  of the loca t ions  appeared to be s a t i s f a c —

I t o r y  and conipa rable  w i t h  the  v i sua l  l i ne a r i z e d  and i t e r a t  ive ’  le ’a s t  S( lti ~t I ’ e ’S

hypocent ’r de t e rmina t i on .  In fac t , a depth gird search  fo r  l e a s t  squa res  ar-

r i v a l  t imes  produce’d depth d e t e r m i n a t i o n s  w h i c h  were ’  a lmos t  a f a c t o r  of two

more accurate  than those ’ h ypocente r dete m i  i n a t i o n s  tha t  we ’re ’ u n c o n s t r a i n e d

I: w i t h  respect  to depth of focus .

I - The ’ r esu l t s  c l ea r l y indica te -d  that  nior ’ work  is ne’eded to i i i i—

prove th e  detec t ion assoc ia t ion  processor . The main  d i s c rep a n c y  is  th e’ l a c k

of a s a t i s f a c t o r y  c r i t e r i a  for  removing aged and r ’dundant  detect  ions Iron ’i

I -’ the workspace  of the processor .  For example , ha te r  phase ’ s sh ould be’ identi-

F fied and removed f rom the  detect ion assoc ia t ion  processor  workspace ’  as soon

— as possible a f t e r  an c-vent location is de ’c [ared. A l s o , the  proce ’ss b y w h i c h

- detect  ions a re  aged and d iscarded  must  guarente ’e that  the ’ de tec t ion  associa-

• t urn (( ‘ St  s be’ Pt ’ rfor ,ne ’d on a s u f f i c i e n t  nurnbe r of key detec t ion s t o  associate ’

I• and se’parat e ’  s e v e r a l  .~‘vent s o c c u r r i n g  siniu ltan e ’ou sl y over a r e’asonablv  wide ’

r a n g e  ot  niagt lit uld e’ .

I Thmu ’  a s so c i a t i o n  proc e’ss nt’e’ds to be iiim pr eeve ’el . Time’ i n i t i a l  i -ia  —

l ion  of k ey  del e ’ct ions  w h i c h  a re ’ a s s o c ia t i o n  te ’sted a g a i n s t  o ther  d e t e c t i o n s

needs to be handh’cl as a pa r a h l e l  process r a the r  than a se ’ria l  process.  In

-
I-- I~~~A 4 4
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other word . , several events should be assoc iated simultaneousl y rather than

one at a t ime. Also , the tes ts  used to perform the associat ion of detectio ns

need to be improved.  T ime d i f f e r e n c e  cons t r a in ts  should be imposed on all

possible  pa i r s  of associa t ion  candidates  based on the t i m e - d i s t a n c e  relation-

shi p for  P-waves.  Other c r i t e r i a  mig ht be cons idered  in s e l ec t i ng  key  de tec-

tions other than the magni tude of the detector output. For example , one such

c r i t e r i a  is the t ime elapsed at a station f rom the previou s l a r g e r  magni tude

detection ; another , a r r i va l  t imes  e a r l i e r  tha n the cu r ren t  key  detect ion . The

firs t  time c rite ria assures a lowe r probability of missed associations due to

preceding larger  events; the second , that older detections be t r ied as key

detections before being timed out.

The suggested modi f ica t ions  of the au toma t i c  detec t ion associ-

ation processor should build upon other associa t ion  processors  and  loca t ion

procedures now in use , as described b y Der ( 1977 ) ,  F lit i n (1965), and Bolt

( 1960). Althoug h the performance shown here  is l e s s  than tha t  of e x i s t i n g

associa t ion processors  which are  80% to 90% e f f i c i e n t  in a s s o c i a t i n g  and lo-

cat ing event s compared to the 70% e f f i c i e n c y  demonst ra ted  he re ’ , i t is p robable

that pe rformance much closer to 100% e f f i c i e n c y  migh t  be’ pos s ib l e  af te ’ r work-

ing out obvious faults in the program.

V - 2
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APPENDIX A
40•

5-’

A mathemat ica l  d e s c r i p t i o n  of the K alm a n  F i l t e r  and  Ge’i ge’r ’ s

method is g iven to specif y the de ta i led  methodology of the  DAP a l g o r i t h m s

used in th i s  report.

Kalman F i l t e r

I Suppose there is a non-l inear system

1 / h ( x ) + V  ( A - i )

wh e re

Z = (o x 1) measurement variable m a t r i x ,

x (n x 1) state variable  mat r ix ,

I h(x ) = ( p x  1) non- l inear  function matrix , and

V = (p x 1) measurement e r ror  mat r ix .

I I

Dc f i n(’

I
E(VV 1 R, a (p x p1 positive matrix , (A-2)

I
and

I- E [(x - 
~~~

) (x - ~~1T] M , (n x n) matrix , error co- (A 3)

i variance before measurement

I A - i

r



where

x = the predi cted state variables before measurement.

We can find a control l ing funct ion J (x)  which is often called the perfo rmance

criteria , or the performance index.

J(x) = ~, e ~( X _ ~~ )T 
M ’( x - ’~ ) + [z~~h(x)]T R _ I [z _ h ( x ) ] } .  (A-4)

Minimizing J(x) with respect to x obtains an estimate of x

= ~ + K(~~) - h(~~)] (A - 5 )

where

K(~~) POT R
1, a (n x p) Kalman Filter mat r ix , ( A- 6 )

- Dh(x)
0(x ) = 8x ~~~ 

, (p x n) matr ix , (A-

IA A Ti .

P = E [(x _ x) (x — x) j , (n x n)  matr ix , e r r o r

covariance after measurement,

- 

- 

M - MG
T 

[R + GMGT]1 GM. (A-8)

In our system, we have three state variables and three mea-

surement va riables. Their relationships are  g iven below:

cos (~~) 
-

Z
2 

sin(.~ ) sin(Az) ( A - 9 )

Z
3 

T
A

h 1 (x) sin (xE
) sin(x

S
) + cos(xE

) cos(x
s
)cos(y

E~
y
s
)

h 2
(x) cos(x E

) sin(y E~
ys)e and (A- l0 )

h (x) T + T3 0

A - 2
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0’ where

- ep icentra l distance between the event and the station ,

Az — the azimuth angle of the observer ,

i- X
E 

- the lat i tude of the event ,

th e l ong itude of the cve’nt,

x~ the la t i tude  of the  station ,

= the longitude of the station ,

T = the origin t in m e of the event ,

T the travel  t ime of the event , and

TA the a r r i va l  t ime of the event.

The R Matrix:

R is a (p x p) square matrix. It is obtained f rom measure  -

ments , and is usuall y a diagonal matrix independent of state va r iables .  It

plays an impo rtant role in iterative computation s of the event locat ion .

Diffe rentiating equation (A-9 )  we have

-. V 1 = dZ 1 = -sin(~~)~~~~ dp, and (A-Il)

‘7 V 2 = dZ
2 

= cos(A)sin (Az) ~~~~~~~~ dp + sin (~~)co s(Az)d (Az),  (A~- l 2)

where
dTp s — .d~~

1 The error of V
3 

includ es a measur em ent e r ro r  E(T A ) which was set equal

to ~ sec , and an error due to impe rfect location . Therefore ,

1 V 3 4 + -
~~~~~~~ - - ~~~

- dp .

I The change in p in equations ( A - I l )  and (A-12)  is identical and implicit from

the defini t ion of 7 and Z - But since the a r r iva l  t ime e r r o r s , dZ , are

I 1 2 3

I A - 3

JI
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uncorre lated with dZ 1 and dZ 2 , the change in p is uncorrelated In equations

(A- il), (A-t3), and equations (A-l2) and (A-13).

The expected ope rator E is a linear ope rator. If

R - E [(x - i) (x - ~ )T] , it operates on each te rm of the matrix.  Therefo re ,

= E(V
1 V 1 ) = [s in(s)  -}~- 

dp]2

R 12 = E(V 1 V 2
) = -~~~ sin(2 .~ ) s in (Az)  [_

~~
_ dp] 

2

= E(V 1 V
3 ) = 0 ,

R 21 E(V ,V
1

) = R 12

R 22 = E(V
2
V
2
) [cos~~~ sin(Az) ~~~ dp]~

+ [sin (s)  cos(Az)  d ( A z ) ]2

R 23 = E (V
2

V 3 ) = 0 , -

= E(V
3 V 1 ) = 0 ,

R 32 = E(V 3V 2 ) 0 , and

R 33 = E(V 3V 3
) = 16 + [-

~
-
~ 

-

~~~~~~

- dp]2

The G Matrix :

0(x) is a (p x n) matrix. Each element can be derived from

equation (A- b ), so ,

8h
1

(i)
G i l  = 

O X
E 

= cos(
~ E ) sin (x5 )

- Stn (X
E

) cos(x
s

) cos(
~~E

_ y
S

)

8 h2 
(i)

012 = 
8 X

E 
~

sin(
~ E

) 
~~~~~~~~~~~ ‘

A-4
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0h 3 (x) 
-- 

_~_i ~~G 13 - 

OX
E 

- 
8~~ OX

E

= ~~~~~~~~~~~ ~~~~~~~~~ - cos 2
~

8h 1 ()
~~C21 = 8

~~E ~
cos(

~ E
) cos( x

5
) sin(

~ E - ys
)

8h 2 ()
~~G

22 
= 

8
~~E 

= co s (
~ E

) cos(
~ E -y s

)

- 

8h 3(~ ) 8h 3(~ ) Oh 1 (5 ~) / 8h 1 (5i )

G23 
- 

8
~~E 

— 

O X
E 

8
~~E / OX

E

— = 013 
. G 21 /G 11

Oh
1 ()

~~~~~

8T = 0 ,
0

8h 2 (~ )
032 = OT = Q , and

8 h (~ )
— 

3
33 

- 

OT =
o

Given an initial estimate ~ in equation (A-5 )  we can get a modified estimate

~. Following the procedure iterativel y until the correction term K (~~) [ z - h~~)]
becomes insignificant ,a final estimate is then obtained.

Geiger ’s Meth od

Suppose there is a non-linear system

T
A 

= h(x) + V (A 14)

where

TA 
= the ar r ival  timc , a measurement  variable ,

A-5 
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x the state variable. , representin g the latitude (X
E ).

long itude 
~~~~~ 

ori gin time (T ), and depth (z )  of
an event , and

h(x )  = T + T ( .~ , ’z )  . ( A - I S )
whe’ re

the epicent ral distance between the event and the

observe r , and

V — the m e a s u r e m e n t  e rr o r .

Line’a ri zing h (x) about  an initial t ’s t ir n at e  x we have

T
A h~~ ) + 

Oh(x) 
~~~~~ 

(x - 
~~~~) 0 (Ix - ~~I

2 ) \ ‘ . ( A - l t e )

For small  I x - ~~I,

T 4 h (i)+ Oh (~ ) (x - 
~~~~) + V , ( A - 17 )A O x

or

- R = C~ (A-18 )

where -

R = T
A~~~

h(x )
~~~

V

= 
8h(~c) 

— , and (A- l9 )O x  x=x

.~ = x - ,

Suppose there are n stations or n measu remen t s , then R is
an (n x 1)  row vector ; C , an (nx4) matrix ; and ~~~~, a (4x I )  row vector . At each
station, C has four elements and their expression s .lre:

- - —- - - - - -~~~~~~~~~~ - - ~~~- -
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I / 8h( i~)\  / 81- o.~

~~i 1 ~ O X
1
~~ )i  ~ic Ox 1 ) .  

i , . . , . . . , n :

_____  ~~ i 1  n .
\ 8

~’ E / i  \o.~ OV F / i

= (a h~~)  1 . i = 1 , .~, . .  . , n :  and

= (eh~~;) (kr) . i= 1 . ,~~~.

~s. l i n t ~in zing the no m i  ot e’ rro r

I 1N 11 2 
= (R~~~C~~)

T (R~~~C~~)

L W e’ have

(C T C)
l (~

T
R

= ~ + (CTC) l 
(T~ (A- .’I)

I

This calculat ion can be e’ortt inuecl it t ’ r a t iv e l  v until the’ t e’ rm

I (C T C) 
I 

CT R be’ L’ome’s insignificant.

I
- i
I

I •A - 7

I
~~~~~ ~~, ii


